2014). Mathematical modelling of quantum yield enhancements of methyl orange photooxidation in aqueous TiO2 suspensions under controlled periodic UV LED illumination. Applied Catalysis B: Environmental, 156-157, 398-403. ABSTRACT 8 Quantum yields of the photocatalytic degradation of methyl orange under 9 Controlled Periodic Illumination (CPI) have been modelled using existing 10 models. A modified Langmuir-Hinshelwood (L-H) rate equation was used to 11 predict the degradation reaction rates of methyl orange at various duty 12 cycles and a simple photocatalytic model was applied in modelling quantum 13 yield enhancement of the photocatalytic process due to the CPI effect. A 14 good agreement between the modelled and experimental data was 15 observed for quantum yield modelling. The modified L-H model, however, 16 did not accurately predict the photocatalytic decomposition of the dye under 17 periodic illumination. 18
INTRODUCTION 23
Semiconductor photocatalysis using titanium dioxide (TiO2) photocatalysts 24 is an active area of research in environmental remediation, which has been 25 demonstrated to be effective in the destruction of a variety of environmental 26 pollutants and toxins [1] [2] [3] [4] [5] . Photocatalytic detoxification takes place when 27 redox reactions involving charge-carriers (ecb and h + vb) are initiated by the 28 absorption of photons of appropriate energy by the photocatalyst/substrate. 29
If the initial photo-excitation takes place in the photocatalyst (TiO2), which 30 then transfers energy or an electron to the adsorbed ground state molecule 31 (substrate), a sensitized photo-reaction is said to have taken place. When 32 the reverse takes place, the process is referred to as a catalyzed photo-33 reaction [6] . Once generated, the fate of the electron-hole pair follows two 34 notable pathways; charge-carrier recombination in the bulk or surface and 35 charge transfer to adsorbed species (H2O, OHand O2) producing 36 intermediate species (O -2 and OH • ). The generated h + vb and OH • having 37 redox potentials of +2.53 and +2.27 respectively [7] at pH 7 are highly 38 electropositive and responsible for the photooxidation of adsorbed 39 substrates. Since charge-carrier recombination is a faster primary process 40 than interfacial charge transfer [4] , most electron-hole pairs recombine 41 therefore limiting charge transfer which is necessary for initiating the redox 42 reactions required for photocatalytic detoxification. Hence, charge-carrier 43 recombination is the most important primary process limiting the efficiency 44 of the photocatalytic process. 45
The efficiency of photocatalytic oxidation processes is measured as the rate 46 of photocatalytic reaction per photon absorbed by the catalyst. This is the 47 quantum yield (φ), which is directly proportional to the electron transfer 48 rate constant (kt) and inversely proportional to the charge carrier 49 recombination rate constant (kr) (1) . 50 φ α kt α 1/kr (1) 51 In the absence of charge-carrier recombination, the quantum yield, φ of an 52
ideal photocatalytic system will be unity (2) . kt will depend on migration of 53 charge carriers to the surface and the equalization of electron-hole 54 concentration such that ecb = h + vb at the photocatalyst surface. In real 55 photocatalytic systems, however, ecb ≠ h + vb at the surface. 56 φ α kt / (kt + kr)
(2) 57
In dilute aqueous solutions, φ is typically below 10% [8] whereas in the gas 58 phase φ exceeds 50% under low intensity illumination [9] . These low 59 quantum yields of TiO2 photocatalytic oxidation prevent its application in 60 large scale water remediation [10] . Determination of φ for heterogeneous 61 photocatalysis is a difficult process because of the effects of scattering and 62 reflection of photons by the photocatalyst surface. Therefore, an alternative 63 measure of photocatalytic efficiency which is the photonic efficiency (ζ) can 64 be employed. Photonic efficiency takes into account the number of incident 65 photons and as a result, the measured efficiency is a lower limit of the φ 66 for any photocatalytic reaction because of the greater magnitude of photons 67 incident compared with photons absorbed [11] . 68
In order to suppress charge-carrier recombination and enhance the 69 efficiency of photocatalytic oxidation Sczechowski et al. [12] suggested the 70 use of controlled periodic (transient) illumination as a means of increasing 71 the efficient use of photons in photocatalysis hence, increasing quantum 72 yield. Controlled periodic illumination (CPI) consist of a series of alternate 73 light and dark periods (tlight/tdark) and is based on a hypothesis that 74 continuous introduction of photons may result in the build-up of charges 75 and photogenerated intermediates such as O -2 and OH • . These species take 76 part in the necessary redox reactions but can also participate in reactions 77 that favour charge-carrier recombination therefore; periodically illuminating 78 the TiO2 particle at short intervals would inhibit the build-up of these species 79 and promote the favourable oxidation process. 80
Previous studies have shown that at equivalent average photon 81 absorption/flux, φ/ζ under periodic illumination do not exceed those under 82 continuous illumination [8] . In a more recent study [13], we showed 83 experimentally that the duty cycle (γ) and not the pulse width is responsible 84 for the increase in efficiency of photocatalysis under CPI. In this study, we 85 reproduce the results of our previous experimental study theoretically, 86 Where the rate r is taken as an initial rate r0, C is taken as the equilibrium 104 concentration Ce, kr is the reaction rate constant under experimental 105 conditions and Kads is the Langmuir adsorption coefficient. However, not all 106 experimental data on photocatalytic reactions can be predicted by this 107 model [2, 19] . The model is best applied to reactions that follow the 108 pathway of; (i) adsorption of reacting species on the catalyst surface, (ii) 109 reaction involving adsorbed species, (iii) desorption of reaction products. the entire photocatalytic process to occur on a single TiO2 particle. The 128 factors affecting quantum yield are summarised in the following reactions: 129
The quantum yield, φ, of the organic substrate was defined as an integral 134 of the instantaneous quantum yield over time; 135
Where k1 is the oxidation reaction rate constant, h + is the hole 137 concentration, ΩA is the surface fractional coverage of organic substrate, kg 138 is the light absorption rate constant and l is the incident light intensity. A 139 high quantum yield will be characterized by a high h + and total surface 140 coverage of the TiO2 particle with reactants. Light and dark periods are 141 incorporated for a TiO2 particle under periodic illumination and the resultant 142 quantum yield is given as: 143
Where nA is the number of surface sites for organic substrate, tlight is the 146 light time, tdark is the dark time. The period for the periodic illumination was 7 kept constant at 1 s for different γ from 0 < γ ≤ 1. Hole concentration is a 148 function of time and is described by eq. (12). 149
Base case parameter values 151
The same values adopted from the literature by Upadhya and Ollis [15] 152 were used for the constants and parameters in the study. In order to solve 153 (12), a steady state approximation was adopted for electron concentration. 154
It was calculated from typical values of h + quantum yields [20] with the 155 assumption that equal number of holes and electrons are generated. 156
Surface fractional coverage was taken to be constant, and assumed to equal 157 7 × 10 12 cm -2 . Furthermore it is assumed that 50 photons are absorbed in 158 tlight of 1 s. 159
Methodology for quantum yield modelling 160
The data used in the quantum yield modelling investigated in this study 161 were obtained from experiments carried out in a previous study [13] where 162 three sets of experiments were carried out to investigate the effect of the 163 period, tlight and tdark on the photonic efficiency of the photocatalytic 164 degradation of methyl orange under low intensity UV light. The experiments 165 were designed using a controlled experimental approach (Table 1.) in order 166 to increase confidence in the outcome of the study. 167 Table 1 . (Table 3 .), Imax was < 200 Wm -2 therefore m 211 was taken to be first-order [25] . Kads and kr were obtained from the plot of 212 1/r0 against 1/γ, the intercept was equal to 1/kr while the slope provided the 213 solution for 1/krKads hence, the values of Kads and kr were 0.645 dm 3 mol -1 214 and 4.85 × 10 -4 mMmin -1 or min -1 with respect to the reaction order. 215 Table 3 . 216
An increase in photocatalytic rates was observed with increasing γ for the 217 experimental and model data ( fig. 1 ). This is because of an increase in the 218 average intensity of illumination. Generally for photocatalytic reactions, a 219 linear relationship exists between photooxidation rates and light intensity 220 The dark period is devoted to the replenishment of surface adsorbed species 277 by the transfer of electrons to adsorbed oxygen (8) and/or the adsorption 278 of oxygen onto the surface. Consequently, a higher rate constant for these 279 steps will result in higher quantum yields. Figure 3 shows the relatively 280 small improvements in quantum yield as tdark increases in agreement with 281 previous experimental results. The resulting increase in quantum yield was 282 inferior to the same effect produced by an increasing tlight. This is as a result 283 of the sensitivity of the dark period to the rate-limiting nature of (8) [15, 284 33] . 285
In the third modelling result, the experimental light time was varied while 286 the dark time was kept constant. This produced the effect of an increase in 287
Iavg and higher photon absorption by the photocatalyst as tlight increased, 288 without a corresponding increase in tdark. The modelled results ( fig. 4) show 289 the quantum yield improved with decreasing duty cycle. 290 As tlight increased, more time was available for (5), which is the first step in 292 the photocatalytic process, giving rise to (6) resulting in a decrease in 293 quantum yield. The modelling further reiterates our previous findings which 294
show that decreasing tlight at constant tdark has a greater effect on quantum 295 yield than increasing tdark at constant tlight or varying both alternatively by 296 varying the period. 297
The enhancement observed in the mathematical modelling of φ when 298 controlled periodic illumination is employed is produced by the duty cycle, 299 γ, which is a function of tlight and tdark therefore, their alternating effects 300 contribute to the overall quantum yield enhancement. Figure 5 shows the 301 overall trend of quantum yield enhancement as a result of reducing duty 302 cycle using modelled data. This is in agreement with the result using 303 experimental data [13] depicting a trend of increasing quantum yield as 304 duty cycle decreases irrespective of tlight and tdark. 305 Table 1 : Controlled experimental approach used in obtaining experimental 427 data for quantum yield modelling. 428 Table 2 : Values of γ, tlight and tdark used for theoretical modelling of φ. 
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